Abstract: We propose a multicast-capable free-space optical switch using tri-state switching elements (SEs) and investigate its complexity and loss. We also show that an N-input M-output multicast-capable switch requires only N · M non-movable tri-state SEs.
Introduction and Related Work
Optical technologies have become inevitable in the design of future networks to fulfill the speed and bandwidth required by enormous emerging applications. Multicast is one of the key operations required by these applications [1] . Therefore, the design of optical switches with multicast capability is gaining an increasing attention in the optical community. Multicast refers to the process of sending data from one source to a selected set of destinations.
Free space switches with simple fabrication process present an attractive solution [2] . A common approach for developing free space switches is the use 2D/3D micro-electro-mechanical systems (MEMS). Most MEMS designs use movable mirrors to direct the optical beam from inputs to outputs. Therefore, MEMS switches experience losses due to the angular misalignments, and they are less durable due to the use of mechanical components. Another approach to develop free-space optical switches is the use of electro-optic (EO) and liquid crystal (LC) switches [2, 3] . Here, an electric field is used to configure the switching elements (SEs) into either transmissive or reflective states.
To support multicast, all existing design approaches must use additional components (e.g., couplers and splitters), which adversely impact both complexity and performance. Typical multicast-capable switch designs use splitters with a fan-out equal to the number of outputs. This results in unnecessary significant power loss. Thus, it is desired that we develop multicast-capable switches with a small number of components and improved splitting prosperities [3] . Accordingly, in this paper, we propose a novel design for a multicast-capable optical crossbar switch that requires no moveable SEs, and more interestingly, no additional components are needed to support multicasting. We use tri-state SEs that can be configured to pass, reflect, or split a light beam. The material used for implementing tri-state SEs has already been fabricated and successfully used in various applications using a solid-state thin film made from a special liquid crystal material [4] .
Proposed Design and Connection Configuration

Notation and Definitions
A switch with N−input and M−output ports is presented as 2D grid. Input and output ports are numbered, respectively, in acceding order I 1 , ..., I N from bottom to top and O 1 , ..., O M from left to right. An optical signal from an input port n (1 < n ≤ N) can be switched to an ordered set of output(
A tri-state SE can be configured in one of three states; Reflective mirror-like (R), Transmissive glass-like (T ), or half reflective/transmissive Splitting state (S). We use gray, white, and half-gray/half-white circles to represent, respectively, the R, T , and S states. A solid black circle indicates that the state of the tri-state SE has no effect. Each tri-state SE is placed in an input-output (or row-column) intersection, and is assigned a tuple (n, m, s) as a label, where n and m (1 < n ≤ N, 1 < m ≤ M) are the input and output port number, respectively, and s is the tri-state SE state (s ∈ {R, T, S}). outCounter ← |O| and j ← 1
Configure SE(n, j, S) 7 else 8
Configure SE(n, j, R) 9 j ← j + 1 and outCounter ← outCounter − 1 10 else 11
Configure SE(n, j, T ) 12 j ← j + 1 13
Route light beam from input port n to {O} 14 Figure 2 shows a 4 × 4 switch using tri-state SEs. Suppose we want to multicast the signal from input port 3 to the output ports 2 and 3. To do so, the following configuration is needed for the tri-state SEs located in the row and columns of the desired input and outputs:
Crossbar and Switch Design
The configuration (routing) of unicast connections follows the conventional crossbar switches. For multicast (broadcast), we propose Algorithm 1 to systematically configure tri-state SE for multicast (broadcast) connection requests.
Switch Basic Properties and Signal Power Loss
We focus on four properties to understand the complexity and performance of the proposed switch designs.
Hardware complexity. Hardware complexity is directly proportional to the total number of switching elements. Similar to conventional crossbar switches, an N × M switch requires a total of N · M tri-state SEs. Even though our design requires the same number of SEs as any crossbar; however, ours is the only design that can support multicast with this same number of SEs.
Signal path length. The number of tri-state SEs in the shortest and longest paths is 1 and (N + M − 1), respectively. The S-state incurs the highest power loss in our design. Thus, the performance of the new switch greatly depends on the amount of splitting operations. The following propositions establish these bounds in an N × M switch.
Proposition 3.1 The minimum and maximum number of tri-state SEs configured in S-state is 1 and M − 1, respectively.
Proposition 3.2 The total number of tri-state SEs configured in the S-state is M MC − |G|, where 2 ≤ M MC ≤ M is the number of output ports used in multicast requests, and |G| is the total number of multicast requests
Signal Power Loss
As in MEMS switches, signals in the proposed design propagate in the free space, and hence, they suffer from the typical Gaussian beam divergence. To compute power loss in our design, we adopt the analysis used for MEMS switches [5] , while taking into consideration the two differences between the two designs: (1) the mechanical motion of the mirrors in MEMS switches result in angular misalignment that lead to inefficient coupling, our design does not involve any movable parts, and hence, such losses do not occur. (2) in our design, the beam propagates through a chain of nonmovable tri-state SEs along its path to the output, whereas, in MEMS, a beam travels in free space from the input to output ports reflecting off of a single mirror.
Let β n,m and η n,m be the reflection and transmission efficiencies of SE(n, m, R) and SE(n, m, T ), respectively. We refer to the percentage of the power reflected by SE(n, m, S) as α n,m , and the transmitted power of the beam is ζ n,m (see Figure  3) . Power loss depends on the cardinality of the output set |O|, and thus, we discuss two different cases: n, m 1 ) ) is given by: The lower and upper bounds for L UC (n, m 1 ) are related to the shortest and longest path traversed by the light beam:
Case 2:
The optical losses of an output in {O} is due to the transmission losses of: all (n − 1) tri-state SEs in the T -state, all SE(n, j) (1 ≤ j < m k and j / ∈ {O}), and all SE(n, m r ) (1 ≤ r < k and r ∈ {O}). For all outputs in {O} except for the last output, the signal is affected by the reflection loss of the SE(n, m k , S) . The losses in the multicast case (L MC (n, m k ) ) is given by:
where x = 1 for 1 ≤ k < |O| and x = 0 for k = |O|. Using Propositions 3.1 and 3.2, the lower and upper bounds for losses at any output used in multicast requests are given by:
The equations for the broadcast case (|O| = M) can be easily deduced from Eqs. 3 and 4 by setting |G| = 1 and M MC = M.
Numerical Results
To obtain a practical sense of the performance of our design, we use the actual specifications reported by KenOptronics [4] for the tri-state material e-TransFlector and analyze the power loss for our design under different configurations. Accordingly, we set both reflectance in R-state (β n,m ) and transmittance in T -state (η n,m ) to 87%, whereas for the S-state, both transmittance (ζ n,m ) and reflectance (α n,m ) are set to 43%. Table 1 gives the losses (in dB) due to the imperfection of the tri-state SEs in a proposed 4 × 4 switch for unicast, multicast, and the broadcast configurations. In the unicast case, the smallest loss is between I 1 and O 1 (≈ 0.6 dB), and largest is between I 4 and O 4 (≈ 4.2 dB). It may be noted that, the losses are symmetrical as β n,m = η n,m and ζ n,m = α n,m . In the multicast case, there are 10 different configurations for the multicast groups over a 4 × 4 switch. We selected four of these groups (Table 1 ). Using Eq. 2 and 4, the lower bounds of losses for unicast and mulitcast (or broadcast) are 0.60 dB and 3.6 dB, respectively. The upper bounds of the losses are 4.23 dB, 13.41 dB and 10.35 dB for unicast, broadcast and multicast, respectively (Table 1) . 
Conclusions
A new free space multicast-capable optical switch using tri-state switching elements (SEs) is proposed. Unlike all existing optical switches, in our design, an N × M switch with full multicast capability requires only N · M non-movable tri-state SEs. Our analysis shows that the dominant factor of power losses is the imperfection of the tri-state materials. Research is needed to develop tri-state materials with low reflection/transmittance losses. We are investigating the use of multistage structures to reduce the total number of tri-state SEs and the number of tri-state SEs in a signal path.
